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a b s t r a c t 
During ITER and DEMO reactor operation Li–Pb blanket ﬂow channel inserts made from SiC will be ex- 
posed to both radiation and tritium. Absorption, desorption, and tritium diffusion are expected to occur 
and will strongly depend on the irradiation conditions; temperature, and neutron and gamma ﬂuxes. 
Reaction bonded (RB) SiC samples were deuterium implanted at both room temperature and 450 °C at 
different implantation energies and the corresponding TSD spectrum was obtained for each implantation 
energy. After implantation the samples were subjected to SIMS analysis. The TSD spectra obtained for 
all the samples implanted at different energies are very similar and characterized by a prominent deu- 
terium desorption occurring at temperatures between 450 and 10 0 0 °C with a maximum that exhibits a 
clear trend to shift toward higher temperature as either implantation energy or implantation tempera- 
ture increase. SIMS analysis before heating the deuterium implanted samples indicates that the implanted 
deuterium has a tendency to become bonded to Si rather than to C. The SIMS analysis shows that once 
heated up to 10 0 0 °C only part of the implanted deuterium was thermally released. The temperature 
shift observed when increasing the deuterium implantation energy and, hence, penetration, implies a 
deuterium diffusivity value at 700 °C of about 8.5 ×10 −17 m 2 /s. 
© 2016 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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SiC materials are primary candidates for ﬂow channel inserts
n blankets due to their excellent thermo-mechanical and corro-
ion properties [1,2] . For this application hydrogen isotope absorp-
ion is of fundamental importance. During reactor operation the
iC material will be exposed to tritium in a hostile radiation envi-
onment. Absorption, diffusion, and desorption are expected to oc-
ur, depending strongly on the radiation conditions, neutron ﬂux,
nd ionizing radiation. The operation temperature for this material
n a future fusion reactor could be from about 500 up to 10 0 0 °C
epending on the type of blanket concept [3] . The main aim of this
ork is to study the behaviour of energetic deuterium implanted
nto SiC in terms of trapping, detrapping, and diffusion within the
emperature range of between 400 and 1000 °C. 
Reaction bonded (RB) SiC samples were deuterium implanted
t both room temperature and 450 °C at different im plantation en-
rgies. The implantation energies used for this work ranged from
0 keV up to 50 keV. After deuterium implantation, the samples∗ Corresponding author: 
E-mail address: morono@ciemat.es (A. Moroño). 
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and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.03.007 ere heated up to 10 0 0 °C at a rate of 0.16 C/s and the deu-
erium released was measured as a function of temperature obtain-
ng in this way the corresponding Thermo Stimulated Desorption
TSD) spectrum for each implantation energy. After implantation
he samples were subjected to secondary ion mass spectrometry
SIMS) analysis both before and after being heated up to 10 0 0 °C. 
The TSD spectra obtained for all the samples implanted at dif-
erent energies are very similar and characterized by a prominent
euterium desorption occurring at temperatures between 450 and
0 0 0 °C with a maximum that exhibits a clear trend to shift toward
igher temperature as either implantation energy or implantation
emperature increase. The temperature shift observed when in-
reasing both the deuterium implantation energy and, hence, pen-
tration, implies a deuterium diffusivity value near 700 °C of about
.5 ×10 −17 m 2 /s within the range of the value expected from the
iffusivity parameters found in the literature [4] . 
xperimental procedure 
1 mm thick RB SiC samples ( ρ = 3.10 g/cm 3 ), were cut and opti-
ally polished from the same 15 mm diameter bar (Goodfellow) to
nsure uniformity. This commercially available RB material has low
pparent porosity (0%), ﬁne grained, and highly crystalline (90%nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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Fig. 1. TSD spectra for D + implanted RB–SiC samples at 25 °C at different energies 
up to 1 ×10 16 D/cm 2 . 
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Fig. 2. TSD spectra for two RB–SiC samples implanted with 20 keV D + one at 25 °C 
and the other at 450 °C up to a dose of 1 ×10 17 D/cm 2 . 
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ihexagonal phase and 10% free crystalline silicon, typical impurities;
B, Al, N, Fe, Mo). Further microstructural characterization is given
in a previous work [5] . Before being deuterium implanted all the
samples were heated up to 10 0 0 °C in vacuum (2 × 10 −6 mbar) for
2 h in order to clean the sample of vapours, gases, and humidity. 
Two of the samples were deuterium implanted at 25 °C
with 20 and 50 keV respectively with deuterium ions (D + ), at
0.5 microamp/cm 2 , up to a dose of 1 ×10 16 ions/cm 2 , at the CIEMAT
Danfysik 60 kV ion implanter. In order to study both the dose
and the temperature effect another two samples were implanted
up to a higher dose of 1 ×10 17 ions/cm 2 with 20 keV D + at
0.5 microamp/cm 2 , one of them was implanted at 25 °C and the
other at 450 °C. 
Once deuterium implanted, each of the samples was consecu-
tively mounted in a special cell provided with an oven which per-
mitted to heat the samples from 25 up to 10 0 0 °C. A helium leak
detector was connected to the cell in order to measure the D 2 im-
planted into the samples. In this way TSD measurements were car-
ried out. The sensitivity for this TSD measuring system was equiva-
lent to ≥ 5 ×10 −12 (mbar l)/s or 0.13 ×10 8 D 2 /s. For all the samples
the heating rate during TSD measurements was 0.16 °C /s and the
background pressure was 2 ×10 −6 mbar. 
Before and after the TSD measurements, the deuterium im-
planted samples were analysed using SIMS (Hiden Analytical,
5 keV O, 150 nA) to compare the amount of deuterium remain-
ing as a function of depth, determined using a proﬁlometer to
measure the ﬁnal sputter crater depth. For the higher implanta-
tion dose (1 ×10 17 ions/cm 2 ) deuterium was clearly detected by
SIMS meanwhile for the samples implanted at the lower dose
(1 ×10 16 ions/cm 2 ) it was not possible to detect the implanted deu-
terium as it was below the detection limit. 
Results 
In Fig. 1 one can see the corresponding TSD spectra for two D + 
implanted RB–SiC samples at 25 °C up to 1 ×10 16 D/cm 2 one im-
planted with 20 keV D + and the other with 50 keV D + . The spec-
tra are very similar being dominated by a structure formed by
three bands between 450 and 800 °C. One can see that this groupPlease cite this article as: F.J. Sánchez et al., Trapping and thermal diffus
and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.03.007 f bands shift to higher temperature as the implantation energy
s increased. It is expected that there is not an important inﬂu-
nce of HD molecules as the background pressure was better than
 ×10 −6 mbar. 
The TSD spectra for two RB–SiC samples implanted with 20 keV
 
+ one at 25 °C and the other at 450 °C up to a dose of
 ×10 17 D/cm 2 is shown in Fig. 2 . In the case of the implantation
t 25 °C the spectrum shows a prominent desorption around 450 °C
ogether with another band around 600 °C similar to the band ob-
erved for the lower implantation dose shown in Fig. 1 In the case
f the implantation at 450 °C the spectrum is similar for those
hown in Fig. 1 for the samples implanted at lower dose but in
his case the maximum for desorption is shifted from about 600
o 800 °C. 
In Fig. 3 one can see the SIMS D proﬁle for two 20 keV D + 
mplanted RB–SiC samples up to a dose of 1 ×10 17 D/cm 2 , one at
5 and the other at 450 °C. Both implantations agree with the ex-
ected implantation range obtained from SRIM [6] . The quantity
f deuterium measured as D is higher for the lower implantation
emperature. 
In Fig. 4 the SIMS SiD proﬁle for two 20 keV D + implanted RB–
iC samples up to a dose of 1 ×10 17 D/cm 2 , one at 25 and the other
t 450 °C are shown. For the implantation at 25 °C the SiD proﬁle is
imilar to those shown in Fig. 3 however one can clearly see that
or the implantation at 450 °C SiD is observed for depths higher
han the expected penetration range. 
SIMS D proﬁle for a RB–SiC sample implanted with 20 keV D + 
p to a dose of 1 ×10 17 D/cm 2 at 25 °C both before and after being
eated up to 10 0 0 °C are shown in Fig. 5 . One can see in Fig. 5 that
he total integrated D quantity measured by SIMS after heating up
o 10 0 0 °C is about 30% lower than the total integrated D quantity
easured by SIMS before heating. 
Fig. 6 shows the SIMS D proﬁle for a RB–SiC sample implanted
ith 20 keV D + at 450 °C up to a dose of 1 ×10 17 D/cm 2 both be-
ore and after being heated up to 10 0 0 °C. Nearly no change is ob-
erved after heating the sample up to 10 0 0 °C. 
In Fig. 7 it is shown the SIMS SiD proﬁle for a RB–SiC sample
mplanted with 20 keV D + at 25 °C up to a dose of 1 ×10 17 D/cm 2 ion for energetic deuterium implanted into SiC, Nuclear Materials 
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Fig. 3. SIMS D proﬁle for two 20 keV D + implanted RB–SiC samples up to a dose of 
1 ×10 17 D/cm 2 , one at 25 and the other at 450 °C. The corresponding D + implanted 
proﬁle given by SRIM is shown. 
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Fig. 4. SIMS SiD proﬁle for two 20 keV D + implanted RB–SiC samples up to a dose 
of 1 ×10 17 D/cm 2 , one at 25 and the other at 450 °C. The corresponding D + im- 
planted proﬁle given by SRIM is shown. 
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Fig. 5. SIMS D proﬁle for a RB–SiC sample implanted with 20 keV D + up to a dose 
of 1 ×10 17 D/cm 2 at 25 °C both before and after being heated up to 10 0 0 °C. 
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Fig. 6. SIMS D proﬁle for an RB–SiC sample implanted with 20 keV D + at 450 °C up 
to a dose of 1 ×10 17 D/cm 2 both before and after being heated up to 10 0 0 °C. 
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s observed after heating up to 10 0 0 °C. 
Fig. 8 shows the SIMS SiD proﬁle for a RB–SiC sample implanted
ith 20 keV D + at 450 °C up to a dose of 1 ×10 17 D/cm 2 both be-
ore and after being heated up to 10 0 0 °C. A clear reduction is ob-
erved after heating up to 10 0 0 °C in particular for those SiD which
ere deeper than the expected implantation range. 
iscussion 
Most of the deuterium thermal desorption occurs at about 600–
00 °C for implantations at 25 °C as one can see in Figs. 1 and 2.Please cite this article as: F.J. Sánchez et al., Trapping and thermal diffus
and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.03.007 his is in agreement with other works where deuterium desorp-
ion bands are reported also around within this range of temper-
tures [7,8] . Deuterium desorption at 600 °C was also observed in
revious works where surface deuterium absorption at room tem-
erature was carried out during 1.8 MeV electron irradiation [9] . In
he case of deuterium implantation the desorption maximum oc-
urs at higher temperatures as the implantation energy increases.
 shift of 75 °C is observed to occur in Fig. 1 as the implanta-
ion energy is increased from 20 to 50 keV. As the samples were
eated at 0.16 C/s it implies that a shift of 75 °C for the desorption
emperature corresponds to a delay in deuterium release of 469 s.
ssuming that this delay is due to the increase of about 200 nm
n deuterium penetration for the higher implantation energy asion for energetic deuterium implanted into SiC, Nuclear Materials 
4 F.J. Sánchez et al. / Nuclear Materials and Energy 0 0 0 (2016) 1–5 
ARTICLE IN PRESS 
JID: NME [m5G; May 3, 2016;10:5 ] 
0
1 104
2 104
3 104
4 104
5 104
6 104
0 100 200 300 400 500 600
C
o
u
n
ts
 (
a
.u
.)
Depth (nm)
Implanted at 25 
o
C
Implanted at 25 
o
C
and then annealed
Fig. 7. SIMS SiD proﬁle for an RB–SiC sample implanted with 20 keV D + at 25 °C 
up to a dose of 1 ×10 17 D/cm 2 both before and after being heated up to 10 0 0 °C. 
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Fig. 8. SIMS SiD proﬁle for an RB–SiC sample implanted with 20 keV D + at 450 °C 
up to a dose of 1 ×10 17 D/cm 2 both before and after being heated up to 10 0 0 °C. 
 
 
 
 
 
 
 
 
a  
t  
w  
c  
c  
t  
t  
d  
t  
d
 
s  
o  
t  
o  
d  
d  
S  
p  
s  
i  
t  
t  
v
 
o  
i  
r  
p  
o  
f  
i  
F  
i  
s  
d  
a  
i  
i  
t  
t  
t  
p  
p  
a  
p  
i  
d
C
 
t  
i  
i  
f  
t  
i  
u  
t  
s  
p  
t  
tpredicted by SRIM [6] and as the implanted deuterium needs more
time to reach the sample surface, then a rough estimation for deu-
terium diffusivity ( D ≈ d 2 / t ) is 
D ≈ (200 ×10 −9 ) 2 /469 m 2 /s = 8.5 ×10 −17 m 2 /s 
The diffusivity value for SiC is D = 9.8 ×10 −8 exp(–1.89 eV/kT)
[4] which gives a value at 700 °C of 1.6 ×10 −17 m 2 /s within the
same order of magnitude that the one estimated here. It is worth
to point out that this desorption shift with implantation energy is
observable because the deuterium diffusivity is particularly low for
SiC. Please cite this article as: F.J. Sánchez et al., Trapping and thermal diffus
and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.03.007 Deuterium is detected by SIMS either as D or as SiD but not
s CD. This means that deuterium links to Si rather than to C. For
he implantation at 25 °C both the D and SiD proﬁle maxima agree
ith the maximum expected by SRIM calculation. However in the
ase of the implantation at 450 °C one can clearly see that SiD
an be found deeper than the expected range showing that deu-
erium thermal diffusion has occurred during implantation. Con-
rary to SiD, in the case of D proﬁle for implantation at 450 °C no
iffusion is observed indicating that this corresponds to deuterium
rapped in deeper traps very likely associated to implantation
amage. 
The SIMS results after heating show that part of the deuterium
tays within the samples after heating up to 10 0 0 °C. In the case
f the D proﬁle a slight decrease is observed for the implanta-
ion at 25 °C after heating but no change at all is observed for the
ne implanted at 450 °C showing that these proﬁles correspond to
euterium trapped in stable sites probably associated to material
amage consequence of displacement events. In the case of the
iD proﬁle more noticeable changes are observed once the sam-
les were heated up to 10 0 0 °C in particular in the case of the
ample implanted at 450 °C where a clear decrease in the proﬁle
s observed after heating in the region deeper than the implanta-
ion range where no implantation damage has occurred and deu-
erium cannot be trapped at implantation generated defects like
acancies. 
When RB–SiC is deuterium implanted at higher doses the des-
rption spectra exhibits important differences depending on the
mplantation temperature. One expects that after 10 17 D/cm 2 mate-
ial damage due to implantation itself affects the deuterium trap-
ing. Particularly when the implantation was carried out at 25 °C
ne can see in Fig. 2 that the desorption spectrum is clearly dif-
erent to the spectra shown in Fig. 1 for the lower dose. For the
mplantation at 450 °C the TSD spectrum is similar to the ones in
ig. 1 but shifted to higher temperature. One expects that as the
mplantation temperature is increased, ﬁrstly, the deuterium diffu-
ion is thermally enhanced so the implanted deuterium can move
eeper into the sample and, secondly, part of the radiation dam-
ge produced by implantation itself is thermally annealed during
mplantation. Then the desorption spectra for higher dose at 25 °C
s modiﬁed due to material damage meanwhile for the implanta-
ion at 450 °C the damage is dynamically annealed so the form of
he spectrum is similar to the lower dose implantation for which
he damage is low but the spectrum is shifted toward higher tem-
eratures due to deeper deuterium thermal diffusion during im-
lantation. Previous work showed important effects on the radi-
tion induced deuterium absorption for SiC associated to damage
roduction consequence of ion preimplantation [10] . Further work
s in progress in order to evaluate the ion bombardment induced
euterium desorption from previously deuterium loaded SiC. 
onclusions 
The observed shift of the deuterium desorption band for deu-
erium implanted SiC with increase of the implantation energy
s due to both a higher penetration and a low diffusivity. The
mplanted deuterium is observed by SIMS measurements in two
orms: either as D or as SiD indicating that the implanted deu-
erium links to silicon rather than to carbon. A great part of the
mplanted deuterium stays within the material after being heated
p to 10 0 0 °C. When the material is implanted at lower tempera-
ure the implanted deuterium is hardly thermally released due to
tabilization in defects associated to damage produced during im-
lantation meanwhile for higher implantation temperatures both
hermal damage recovery and deuterium diffusion help to release
he implanted deuterium. ion for energetic deuterium implanted into SiC, Nuclear Materials 
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